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FOREWORD

This volume, published with the support of the Air rorce Wright
Aeronautical Laboratories, contains the proceedings of the Eighteenth
Annuwal Conference on ManualZ Control held at the Daytonian Hotel, Dayton, La.. ...

Ohio from June eighth through tenth, 1982. All papers accepted for the
Meeting are represented in this volume. In a few cases authors were
unable to attend and present accepted papers, or authors who presented
papers failed to provide manuscripts for the proceedings. Those cases
are noted in the Table of Contents. Both formal papers, generally
representing completed work, and informal papers which might represent
work in progress were presented.

This was the eighteenth in a series of Confernces dating back to

Decenmer 1964. These earlier meetings and their proceedings are listed
below:

First Annual NASA-University Conference on Manual Control, The
University of Michigan, December 1964. (Proceedings not printed.)

Second Annual NASA-University Conference on Manual Control,
Massachusetts Institute of Technology, February 28 to March 2, 1966,
NASA-SP- 128.

Third'Annual NASA-University Conference on Manual Control, Univer- l

sity of Southern California, March I through 3, 1967, NASA-SP-144.

Fourth Annual NASA-University Conference on Manual Control, The
University of Michigan, March 21 through 23, 1968, NASA-SP-192.

Fifth Annual NASA-University Conference on Manual Control ,
Massachusetts Institute of Technology, March 27 through 29, 1969,
NASA-SP-215.

Sixth Annual Conference on Manual Control, Wright-Patterson AFB,
Ohio, April 7 through 9, 1970, proceedings published as AFIT/AFFDL .21
Report, no number.

Seventh Annual Conference on Manual Control, University of
Southern California, June 2 through 4, 1971, NASA-SP-281.

Eighth Annual Conference on Manual Control, The University of
Michigan, May 17 through 19, 1972, AFFDL-TR-72-92. -:"

Ninth Annual Conference on Manual Control, Massachusetts Institute
of Technology, May 23 through 25, 1973, proceedings published by MIT,
no number.

Tenth Annual Conference on Manual Control, Wright-Patterson AFB, Ohio,
April 9 through 11, 1974, AFIT/AFFDL Report, no number.

:/ ,.,-..'•* ,....-..- ...-..... '.. ..' ..' . .-° %.-..'..-...- .- '--,.-.-.. _"... ... ,.-..- . .- ...-. • , .-. "-. .... -.... " ..... " •



Eleventh Annual Conference on Manual Control, NASA Ames Research
Center, May 21 through 23, 1975, NASA TM X-62,464.

Twelfth Annual Conference on Manual Control, University of Illinois,
May 25 through 27, 1976, NASA TM X-73,170. ,

Thirteenth Annual Conference on Manual Control, Massachusetts
Institute of Technology, June 15 through 17, 1977, proceedings published
by MIT, no number.

Fourteenth Annual Conference on Manual Control, University of .
Southern California, April 25 through 27, 1978, NASA CP-2060.

FifteenthAnnual Conference on Manual Control, Wright State
University, March 20 through 22, 1979, AFFDL-TR-79-3134.

Sixteenth Annual Conference on Manual Control, Massachusetts
Institute of Technology, May 5 through 7, 1980, proceedings published
by MIT, no number.

Seventeenth Annual Conference on Manual Control, University of
California at Los Angeles, June 16 through 18, 1981, JPL Publ. 81-95.

The topic "human-machine system design methodology", both development
and applications, received special emphasis at the Eighteenth Conference
meeting.

Frank L. George,

Air Force Wright Aeronautical Labs
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AN INFORMATION THEORETIC MODEL OF THE HUMAN OPERATOR
, ., ..' *.* . -.."

Charles P. Hatsell, Lt Col, USAF, MC*
Air Force Aerospace Medical Research Laboratory

Human Engineering Division
Wright-Patterson AFB OH ::.".

Patricia R. Mineer*

ABSTRACT

.... Application of information theory to the summing node in the manned

system control loop reveals that the human controller must process two

quantities of information flow, transinformation I(X;Z) due to dependent

input, X, and system state variables, Z; and transinformation I(E;Z) due

to dependent summing node output, E, and system state, 7. The measure of

controller effectiveness is the entropy decrement, H H(X)-H(E), due to

loop closure. An analysis of the summing node gives,

I(X;Z) - I(E;Z) - H . (1)

It is argued that for a highly motivated numan operator whose

performance on the subject task nas plateaued, a task-dependent channel

capacity, CH, will be totally allocated to I(X;Z) and I(E;Z), I.e.,

I(X;Z) + I'E;Z) CZ (2)

Equations (1) and (2) comprise the information theoretic human operator
•,•..... . :..,.

model..

Model validation was accomplished on data from seven subjects perform-

ing a simple one-dimensional, purely compensatory, tracking task. The

perturbing function was a 0.5 hz Gaussian random process and two plants were

tracked, 1/s and I/s(s+a). Agreement with the information theoretic model 7-

*This work was performed while the authors were with the Crew Technology
Division, School of Aerospace Medicine, Brooks AFB TX.

3 .:.:::•.:~* . ...:::::::::::: . .. ,•

...............................
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was excellent over all subjects and plants. Performance in terms of

SH had high intersubject variability, reflecting differing I(E;Z) among

subjects; furthermore, channel capacity for the tracking task was invariant

over subjects and plants. The I/s(s+a) plant was subjectively more difficult

to control and always resulted in a higher I(E;Z).

The information-theoretic human operator model is valid regardless

of system linearity, stationarity, or noise structure. The model is

simply an information-theoretic statement of the summing node together

_with--un-vperimentally verified conjecture about how the human operator .-.

handles information. Additional experiments should identify relationships

among Ch , task-type, and exogenous stressors, with obvious application to _1&1

workload quantification.

A. -. ,..',

; .. . *,,_

I,..,•- '

*........
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RISK AND DECISION PROCESSES

IN MANUAL CONTROL BEHAVIOUR

L 0 TOM BOSSER
Psychologisches Institut

Westftlische Wilhelms-Universitdt

Schlaunstr.2
D-4400 Miunster

/ABSTRACT .;)

A--/Manual control behaviour with (RMS-error-criterion is considered a --- am

-good approximation to control behaviour with similar symmetric error-
weighting-functions, but not asymmetric ones. In order to test this, a
compensatory tracking task with a second error condition is defined.
Several experiments shuw that nonlinear (asymmetric) tracking-behaviour "
arises under these conditions. The adaptation of the control-behaviour to
the payoff-conditions can be considered an instance of decision-making on
the basis of an expected-utility model. -4--,.•'

INTRODUCTION

The 'describing-function -approach to manual control behaviour does
not neccessarily require the quantification of the error according to an
RMS-error-criterion (where the error is the sum of squares of the devia-
tion of the system-output from target). However, the statistical methodo- , *

logy available (system identification with stochastic test-signals) would
make it rather difficult to use a different criterion to describe ": "
performance of human subjects in manual control behaviour. Training in *:.--

tracking-tasks is usually based on this error-criterion, and therefore
subjects adapt to this property of the task. Experimental results can
only be generalized to real tasks, when these have the same task-struc-
ture, and therefore the same laws may be assumed to govern behaviour ."'

under these conditions. It has been suggested that this may not be the
case for some tasks, e.g. distance-control in driving a car (BOSSER ..""
1980).

The basic rationale behind the use of the RMS-error-criterion is
that in most conceivable situations a larger deviation from the target is
given an unproportionally larger weight than a smaller deviation, and thC
direction of the deviation does not matter. This view implies that the
deviation of system-state from the set-point or target is weighted
according to the utility (gain or loss) associated with this deviation.
In Fig. 1 this is shown together with other conceivable error-criteria.
An error weighted proportional to the deviation from the target may well
arise e.g. in process-control, where a deviation from target may simply -- .
mean a loss of material proportional to this deviation. A discrete type
of error-criterion is the fixed-limit criterion, where only the trans-

...................
.........-.. ,-.',-.*..

. . . . . . . . . . . .*.*,°b'. . .°.. . . . -"

• . .- - . ..

...... "" " """'"":""-""""' %:



cost

utility

weight
given to
error-,

''- I 4" ". I. --~ --.... .. . . -

%

-1 0 1
Dev iat ion -from target value

Fig. 1: Error-weighting f unctions. 1

gression of a borderline matters, and weight given to the error is 0
within limits, constant outside of limits.

As can be seen from Fig. 1, an RMS-error-criterion does not deviate
too much from a constant-weight-criterion or from a fixed-limit-criteri-
on. Because human response is comparatively slow in most situations, it
is difficult to respond like a perfect relay-type controller, this would
give rise to a strategy where the human controller antipipates approaches
to the borderline and infers a value (probability of be.ing driven across
the limits) which may be called 'daiger', and which will give rise to".-' *

compensatory action. The subjective weight given to these deviations from
target, and the associated tendency to compensate this error may corres-
pond closely to the RMS-type error-criterion.

These considerations suggest that the RMS-error-criterion is a
reasonable approximation to various symmetric types of weighting-func-
tions for error in manual contrul situations. It is quite obvious,
however, that this does not apply to asymmetric weighting functions for
deviations from the target value, like the fixed limit in one direction
shown in Fig. 1. There are obvious examples for weighting functions of
this type: Distance control in driving an automobile, where only ap-
proach, but not increasing distance from a leading car may have grave
consequences, operation of machines of various kinds or the drill of the
dentist have consequences, where transgression of a borderline, but not
staying short of the line, has unproportionally large negative weight.

- "-- ° -
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In order to investigate manual control behaviour in tasks with
asymmetric weighting-function, a standard compensatory tracking task was
augmented with a second error-condition represented by a borderline on
the display (Fig.2). Crossing of the line is signalled by a buzzer. Al...:;i
Subjects were required. in additon to keeping the error-marker close to
the target, not to cross the borderline.

Previous experiments have shown that subjects have a strategy
available to deal with this task, which involves two aspects: Performance
in relation to the line-criterion is improved by moving the mean of the
control-position away from the border-line, thus generating a larger i..- ,
RMS-error. (BOSSER 1982). Secondly the tracking behaviour- may be- made . - -

---rfe-efficie-t in this task l b-y iving- it -a dynamic asymmetry, which
becomes larger with higher frequency of the track and with shorter
distance d of the borderline. It was shown that subjects adapt these "
properties of their tracking behaviour in a systematic fashion depending
on the experimental conditions.

Here several experiments are reported where the principles of the
adaptation of the humait operator in the tracking task with additional
error-criterion are investigated. The adaptation described by McRUER 8
KRENDEL (1974) in their 'Successive Organization of Perception '-Model ...

relates to learning processes, whereas the weighting of error-conditions
or payoff-conditions belongs to the domain of motivation.

METHOD

A standard compensatory tracking-task was used, augmented by the
borderline at distance d from the target. The disturbance (input-signal)
was derived from a 50Hz 3-level Pseudo-Random-ternary signal (period 40.
secs), which was choosen because of the known superior statistical prop-
erties for the identification of nonlinear transfer-characteristics. The
original signal was filtered with a zero-phaseshift filter with various ,. ...

cutoff-frequencies. By addition of a number of these filtered input
signals with equal variance were generated with good properties for the
identification procedure used and which tested the subjects behaviour in
a useful range. The spectra of the easiest and the most difficult signal
are shown in Fig.3

A zero-order (position-) control-system with isotonic control-lever
and a 15 by 24 cm oscilloscope-display was used, all control and data-
collection was done on-line by computer.

The data were analyzed by calculating statistical parameters of the -
measured signals and by calculating the transfer-characteristics by X;..,...
FFT-methods. Nonlinear transfer-characteristics were investigated by
calculating appropriate statistical parameters derived from WIENERs
(1958) theory of nonlinear systems-identification. For a satisfactory
estimation of parameters the amount of data available was rather small,
consequently the estimates of the kernels are subject to much statistical
variation. The cross-covariance calculated in the time-domain was judged
to be most illustrative under these conditions and is presented here for
various conditions.
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EXPERIMENT I

An asymmetry ini manual control behaviour may be caused by proper
of the motor-system rather than higher-level control. In crder to test
this, the position of the borderline d was varied (above and below
target), the orientation of control and display, and the frequency-compo-
sition of the input-signal (break-frequency 0.57 Hz and 0.14 Hz). Five
subjects (psychology-students) participated. They were paid for
participation in the experiment and were instructed to give equal wer
to both error-conditions (deviation from target and crossing of the

"' - borderline). After several hours of training the experimental sessio• ,
307 secs-ea-ch- we-re,-pre-sen-ted-in random order. ....

Table 1 and 2 show the constant position error generated by tht
subjects, one part of the strategy subjects follow to prevent crossingI the borderline. Correspondingly the RMS-error rises, and the number a_,
-duration of c-ossings of the borderline decrease. All subjects exhibit
the same pattern of dependence of the performance-variables on experimen
tal conditions. These results show clearly that the constant bias depends
mainly on the position of the borderline above or below target. A higher
frequency of the disturbance - the consequence of which is a higher
probability of crossing the line - induces a larger bias. Reversal of the
orientation of control-lever and display does not show a considerable
influence, although most variables (some not shown here) seem to suggest
that a compatible arrangement with borderline below target gives best .
performance.

The distribucions of the error (Fig. 4) demonstrate the same
relationship, the distributions exhibit a marked asymmetry. The distribu-
tions of the speed of the control-lever indicate the subjects strategy
concerning the dynamics of the control-behaviour: The highest speeds of
the control-lever movement occur in movements away from the bor"erline.

For three conditions (borderline above and below target and no
borderline) the bi-crosscovariances between input-signal and remnant
(linear proportion of the output variance subtracted) are shown (Fig.5)
and demonstrate that the nonlinear proportion of tracking behaviour is
dependent on the experimental conditions. The bi-crosscovariance (a)
represents behaviour with the same input-signal as (b) and (c), but
without additional error-condition (no borderline). The much higher
variance due to introduction of the line-error-condition is evidence of
the fact that subjects are able to adjust their control-strategy such as
to include a specific nonlinear control strategy (asymmetric dynamics)
which is represented by the second-order kernel of the WIENER-identifica-
tion scheme. Orientation of the borderline, and thus the weight given to '-

error-conditions, determines the direction of this asymmetry, as can be
seen from the comparison of bi-crosscovariances (b) and (c).

Often it is argued that nonlinear transfer-characteristics may not
be of great importance in manual control. We do not agree with this "-."
argumentation, because even small proportions of the variance observed
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